The regaining elastic behavior of the artery after treatment with a bioresorbable scaffold is a measure for successful degradation. The investigation of the elastic properties of arteries is often performed using ultrasound based methods. The current study describes an in vitro test setup for the measurement of the elastic radial compliance of blood vessels with an automated laser scanning device. A porcine carotid artery was placed inside a phosphate buffered saline filled chamber and the outer diameter was measured during stepwise pressurization from 20 mmHg to 160 mmHg. Reference measurements were done with an ultrasound based method. The results show that the automated laser scanning device method provides similar values to the ultrasound measurements. Therefore, the automated laser scanning device method appears to be suitable to investigate radial compliance differences of a stented vessel segment during the degradation process of a bioresorbable scaffold in vitro. The high degree of automation allows for an effective investigation of a larger series of measurements.
Introduction
Cardiovascular disease and stroke are the most common cause for death worldwide [1, 2] . Triggering events such as thrombosis, myocardial infarction, calcification, stenosis and atherosclerosis are attributed to changes in physical properties of arterial walls [1] .
Angioplasty by a balloon catheter in combination with a stent is the gold standard in the treatment of atherosclerotic vascular disease, but has the drawback of a permanent implant leading to foreign body reactions [3] . This problem is addressed by new bioresorbable scaffolds made out of degradable polymers or metals, such as poly-L-lactide acid or magnesium, which are resorbed by the body after a certain time, thus restoring vascular function and elasticity [4, 5] Elasticity measurements via ultrasound or magnetic resonance imaging are well documented in literature [6, 7] . Furthermore, several authors examined the material properties of vascular tissue in vitro, e.g. by uniaxial or biaxial tensile testing as well as inflation testing. Measuring the outer diameter during inflation is advantageous, as the artery remains intact [8] .
The current study describes an in vitro test setup for the measurement of the elastic radial compliance of blood vessels based on an automated laser scanning device (ALSD) and compares with data generated by a scanning acoustic microscope (SAM).
phosphate buffered solution (PBS, Roti-Stock 10x PBS, Carl Roth GmbH + Co. KG, Karlsruhe, Germany). After preparation the arteries were frozen at -20 °C until testing.
For the test the carotid artery was slowly thawed and cut to a length of 30 mm. Then, the artery was mounted in a special fixture. The upper mounting and the whole lower plate are vertically adjustable, allowing for a pre-stretch of the carotid artery to its in vivo length. The ball bearing prevents the artery from twisting during the mounting process (Figure 1) .
The inner lumen of the lower mounting, the carotid artery and the upper mounting was filled with PBS and air was completely removed.
Measurement of the outer diameter via automated laser scanning device
The fixture was mounted vertically into the PBS-filled test chamber of an ALSD. The ALSD consists of a 2-axis laser scanner (ODAC 64XY, Zumbach Elektronik AG, Orpund, Switzerland, measurement accuracy ± 0.14 % of the measured value) mounted on a vertical linear motor drive allowing for a stepwise measurement of the outer diameter along the longitudinal axis of the artery. For a test cycle the artery was stepwise pressurized from 20 mmHg to 160 mmHg (20, 40, 80, 120, 160, 120, 80, 40, 20 mmHg) with an inflation device (Abbott Vascular, Santa Clara, USA) monitoring the pressure by a pressure monitor (PCE-P05, PCE Deutschland GmbH, Meschede, Germany, measurement accuracy ± 0.8 mmHg). Measurements of the outer diameter were performed every 0.5 mm within 15 mm of the middle region of the artery.
The inner diameter at a specific inner pressure IDp was calculated from the outer diameter at the specific inner pressure ODp as well as the inner and outer diameter at p0 = 20 mmHg (IDp0, ODp0) derived from the reference measurements via SAM according to equation 1, assuming the arterial wall to be incompressible (V = const.).
(1)
Reference measurements with a scanning acoustic microscope
For reference measurements the fixture with carotid artery was placed horizontally in the PBS-filled water basin of a SAM (SAM 300, PVA TePla Analytical Systems GmbH, Westhausen, Germany). A 25 MHz ultrasonic transducer was positioned centrically above the carotid artery. B-mode images were generated in longitudinal direction of the artery during stepwise pressurization (as described above). Time-offlight measurements (A-mode imaging) were conducted at five positions of each B-mode image. For conversion of the imaged time-of-flight t into linear measure s according to equation 2, the speed of sound in PBS was determined as cPBS = 1505 m/s and the speed of sound within the artery wall was assumed as ctissue = 1600 m/s [9] .
Determination of the elastic radial compliance
The elastic radial compliance C of the artery was determined for both test methods as well as for the inner and outer diameter in a typical systolic and diastolic pressure range of 120/80 mmHg (∆p = 40 mmHg) according to equation 3 and 4. 
In addition, the elastic radial compliance for the pressure range of 160/20 mmHg (∆p = 140 mmHg), representing the overall radial compliance of the artery, was calculated analogously. For calculation of the radial compliance the averaged diameters at the respective pressure step were used.
Results
The averaged inner and outer diameter as measured with ALSD and SAM for all pressure steps are illustrated in Figure 2 . The mean values increase with pressurization and decrease with pressure reduction and show equal values at the beginning and the end of the test cycle (20 mmHg) for all determined diameters. The OD as well as the ID were 0.07 -0.17 mm and 0.11 -0.15 mm higher for the ALSD compared to the SAM measurements
The specific diameter results used for the calculation of the elastic radial compliance and the calculated compliances are given in Table 1 . Radial compliances calculated from ALSD as well as SAM measurements ranged from 3.1 -5.7 %/100 mmHg and from 4.3 -6.4 %/100 mmHg, respectively, depending on the considered pressure range and the related reference diameter (see also Figure 3 ).
Discussion
The current study presented a method for the investigation of the elastic radial compliance of porcine carotid arteries with an automated laser scanning device. Additionally, reference measurements with a scanning acoustic microscope were conducted for comparison. The reference measurements by SAM allow the direct measurement of the inner diameter of the artery. As the speed of sound in PBS could be determined, measurement accuracy of the inner diameter directly depends on the resolution of the B-mode image. In our case the resolution was 36 ns/px, which corresponds to 0.057 mm/px (using cPBS). The outer diameter calculated as sum of the inner diameter and the determined wall thicknesses, further depends on the speed of sound within the arterial wall which had to be estimated. A disadvantage of the SAM method is the time-consuming evaluation of the B-mode images or A-scans.
In contrast, the ALSD method is very time-saving due to its high degree of automation. A second advantage is the higher measurement accuracy of < 0.007 mm for the actual measurement range. However, it is disadvantageous that only the outer diameter can be measured directly and the inner diameter has to be calculated with the help of reference measurements (e.g. by SAM).
The outer diameter measured by ALSD was generally 0.07 -0.16 mm higher compared to the outer diameter investigated by SAM. Although the connective tissue was removed prior testing, small tissue fibres floated in the liquid filled test chamber due to buoyancy and thus, led to an overestimation of the outer diameter. The inner diameter was affected in the same way, as it is derived from the outer diameter. Although, averaged diameters for both methods differ, the diameter variability at each pressure step was comparable for ALSD and SAM measurements, reflecting the irregular geometry of the artery itself. Furthermore, this diameter variability of approximately 0.1 mm at each pressure step was in the same range of diameter change between two pressure steps (e.g. 80 mmHg and 120 mmHg). Due to this uncertainty and the inhomogeneity of the arterial wall, the radial expansion of the artery was not necessarily consistent for each measurement point. For this reason the radial compliance was calculated from the averaged diameter values.
The results show, that the calculated radial compliance depends on the related reference diameter (ID vs. OD), the measurement method as well as the considered pressure range.
However, the presented methods provided comparable results for the radial compliance calculated from the ID values (5.0 -5.7 %/100 mmHg with ALSD as well as 4.5 -6.4 %/100 mmHg with SAM in the pressure range of 120/80 mmHg or 160/20 mmHg, respectively). Such values appear quite realistic and well within the range of generally accepted radial compliance of healthy arteries. On the other hand, direct comparison of the determined compliance with values from the literature is very difficult, as measurement methods and calculations as well as the examined arteries itself vary to a great extent [10] .
Conclusion
The investigation of the elastic radial compliance referring to the inner diameter of the artery appears to be more reasonable, because the inner lumen directly affects the blood flow. The image based ultrasonic investigation, however, is very time-consuming and might be not suitable for the investigation of larger series of measurements.
Thus, the presented method using automated laser scanning of the outer arterial diameter is preferable providing that the inner diameter at p0 can be measured and used for calculation of the inner diameter at any inner pressure.
Considering that in most cases the change in diameter caused by changes of the inner pressure of an artery is of more interest than the absolute diameter value, the presented method may be useful, for example, to investigate the biomechanical impact of stenting to a vessel as well as restoration of vascular function and elasticity of the treated vessel after degradation of bioresorbable vascular scaffolds. 
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